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Researchers at the National Institute for Occupational Safety and Health (NIOSH) have long
used stationary tapered element oscillating microbalances (TEOMs®) in laboratory settings. They
have served to assess the mass concentration of laboratory-generated particulates in experimental
dust chambers and they provide a reference method for comparison with other particulate-
measuring instruments. Current NIOSH research is focused on further adapting TEOM
technology as a wearable personal dust monitor (PDM) for coal mining occupations. This
investigation’s goal is to help identify, quantify, and provide means for resolving certain TEOM-
related error. The present research investigated bias caused by thermal effects on filter assemblies.
‘New filters used in the PDM for 8 h tests show an average positive bias of 25.5.pg, while similar
tests of equivalent filters used in two 1400A model TEOMs show an average positive bias of

34.3 ug. The derived bias values allow correction of previously collected biased data. Also, pre-
heating the filters for 24 h at 46 °C shows significant bias reduction, with PDM pre-heated filters
subsequently averaging —3.3 pg and 1400A TEOM filters averaging 5.9 pug. On a single-point
comparison to gravimetric sampling, a 25.5 pg bias is only significant at low mass loadings. At
2.5 mg, this bias represents a negligible 1% of the mass measurement. If ordinary linear
regression is used, the bias is still insignificant. However, if the more valid weighted linear

~ regression is used, it gives more weight to the smaller dependent variable values, which are more
impacted by the bias. Consequently, what is 1% bias on a single high-mass value can translate
into a larger bias percentage at high-mass values when performing a weighted regression on data

that include a large number of low-mass values.

1. Introduction
1.1 Background

Among the various instruments developed to quantify con-
centrations of airborne particulate matter, those based on the
tapered element oscillating microbalance (TEOM®) have
gained wide acceptance in a variety of applications. Beginning
in 1981, the TEOM technique was commercialized by Rup-
precht & Patashnick Co. (R&P), Albany, NY, now part of
Thermo Fisher Scientific, Inc. (hereafter referred to as Ther-
mo), Waltham, MA. This class of instruments is capable of
nearly continuous time-resolved measurements directly related
to the particulate mass, independent of other particulate
properties, such as composition, density, size, and color. With
an external display, TEOM instruments can serve as direct-
reading near-real-time particulate monitors. Varied applica-
tions' for TEOM-based monitors have included particulate
measurement for the ambient environment,? industrial stack
emissions,? engine exhaust,* and as discussed below, occupa-
tional exposure assessment.

The Pittsburgh Research Laboratory of the National In-
stitute for Occupational Safety and Health (NIOSH) has long

used stationary TEOM instruments in laboratory settings to
monitor and control experiments with airborne particulate,
typically of coal, mineral, or diesel origin. They have been used
to assess the mass concentration of laboratory-generated
particulate in experimental dust chambers and they provide
a reference method for comparison with other particulate-
measuring techniques or instruments. Further advancing this
instrument category, recent NIOSH contract research has
miniaturized, stabilized, and reconfigured TEOM technology
into a worker-wearable personal dust monitor (PDM) that
also provides a data file for dust levels over a work shift.
Performance of this new TEOM-based PDM has been docu-

" mented by NIOSH researchers through extensive testing.’ In

this current investigation, both pre-commercial (not for gen-
eral sale) Model 3600 wearable PDMs and Thermo Model
1400A stationary TEOMs were used. The Model 1400A
instruments have US EPA certification for continuous
PM-10 particulate monitoring. Details on the principles® for
and operation’ of these instruments are available elsewhere:
therefore only the instrument details most relevant to this
research are reviewed here.

1.2 TEOM device descriptions

The core component of any TEOM mass sensor is a vibrating
hollow tube called the tapered element (TE). It is secured at its
base but free to oscillate at the opposite end. The TE is
set into oscillation at its resonant frequency and an electronic
feedback system maintains the oscillation amplitude. A small



replaceable filter assembly is mounted on its free end, which

collects particulate in the air stream that passes into the mass
~ sensor chamber. As particulate collects on the filter, the TE
oscillation frequéncy decreases and the collected mass is
determined via the relationship

AM:@[%——'/%] _ (1)
where |

AM = mass change/g;

fo = measured initial frequency/Hz;

f; = measured frequency at time t/Hz;

K, = characteristic constant of each individual instrument.

The manufacturer or user calibrates each TEOM unit with a
K, value, a proportionality constant between mass accumula-
tion at the end of a specific TE and its frequency change.
Concentration is then calculated from the dust mass, time, and
flow rate data for the test.

The PDM is a combined respirable dust monitor and cap -

lamp, configured to have dimensions and weight (3.0 kg)
similar to those of a current lead-acid miner’s cap lamp
baftery. PDM components include: cyclone sample inlet tube,
Higgins—Dewell (HD) cyclone, internal air heater, pump,
TEOM dust sensor, sampler and cap lamp lithium-ion bat-
teries, electronic control and memory boards, display screen,

and Windows®-based interface software. The PDM system-

further includes a docking station, used to communicate with
personal computer software for programming operations,
retrieving stored instrument data files, and also recharging
batteries for the next work shift. _

The HD cyclone design operated at 2.2 L min~! airflow has
previously been reported to have low bias relative to the
International Organization for Standardization (ISO) conven-
tion.® The fraction of dust considered respirable is an impor-
tant part of measuring a worker’s risk from dust exposure. The

. ISO has recommended® that the definition of respirable dust

follow the convention described by Sederholm.!°

The PDM inlet is attached to the side of the cap lamp, which
is well within the worker’s breathing zone. An external con-
ductive silicone rubber tube (0.48 cm internal diameter and
152 cm length) is bound with the cap lamp cord in a shared
fabric sleeve and is used to draw particulate-laden air at
constant 2.2 L-min™ airflow. The conductive tube ha$ been
shown not to cause significant loss of respirable particulate.'’
At the external tube’s junction with the instrument main body,
the HD cyclone size-fractionates the particulate and transmits
the respirable portion of a sample through heated zones inside
the PDM. Heating the air sample minimizes the influence of
humidity on mass readings. Ambient and internal tempera-
tures, relative humidity (RH) and flow rate are measured by
various sensors, with measurements recorded to the instru-
ment data file, along with dust mass measurements. At the end
of the instrument’s internal sampling train is the TEOM, the
TE oscillating end mounted with the specialized filter assem-
bly. The TEOM sensor and filter sample are typically heated
to a constant 46 °C in the PDM.

The TE is a very narrow-diameter steel tube in the TEOM
module of the PDM (and is a larger glass tube for the Model

1400A). The TEOM filter assembly, a key component for this
research, is mounted directly on the TE free end with a
customized tool. The filter collects dust in an open-face
manner in the small chamber of the TEOM, while a pump
draws air through the filter by way of the TE tube. Therefore,
the circular face of the filter is the TE inlet and the base of the
TE tube is the outlet.

Any event or process that affects TE frequency will be -
interpreted in instrument calculations as a change in collected -
dust mass. Under ideal conditions, collection of dust mass
alone changes the TE frequency and is the sole process guiding
TEOM results. In reality, a variety of secondary processes can
affect TE frequency and lead to errors. Researchers have noted
that temperature fluctuation, humidity collection, flow pulsa-
tion, and filter pressure drop are among the parameters that
can affect TEOM performance.’? Even when operational
parameters are held steady, moisture accumulation within
collected dust, or heat-induced loss of volatile material ad-
sorbed onto or associated with sampled dust, are regarded as
major sources of error in some applications. To compensate
for these errors, it is common for correction factors'® to be
applied to TEOM measurements in cases where loss of vola-
tiles has occurred.

Various approaches, including user recalibration,'* have
been taken to countér TEOM problems. One post-test proce-
dure to address error with stationary TEOMs has involved a
calculated moisture correction, based on water mass transfer
from air to particulate.!® To counter humidity-related errors
by refining experimental technique, fresh TE filter assemblies
are stored in small auxiliary chambers that are part of the
TEOM module in Model 1400A instruments. These chambers
provide extended periods of warming for the filter assemblies.
This warming has been described as stabilizing filter moisture-
related properties [Rupprecht and Patashnick Co., 1996,
p. 3-21.7% Boxes of new filter assemblies can also be stored in
the larger housing for the TEOM module. However, storage in
the housing provides lesser degrees of filter heating, due to
lower temperatures. No such chambers are part of the PDMs.
Instead, PDMs rely on automatic 0.5 h initial warm-up-
periods, attempting to stabilize both TEOMs and newly
installed filter units.

Additional approaches to address measurement errors have
involved creation of more complex instruments. In one case,
two TEOM s are used in parallel,'® one acting as a reference for
the other. In another case, dust flow to a single TEOM is
periodically interrupted,'” so it can act as its own intermittent
reference instrument. These methods do not identify and
resolve specific causes of TEOM error, but only compensate
for them as a whole. They rely on more complex instrumenta-
tion to compensate for fundamental error sources and also rely
on basic assumptions that may not be entirely true. When
paired TEOMs are used, it assumes one filter assembly will
behave the same as another. When a TEOM acts as its own
reference, it typically assumes that the recorded drift during
reference measurement periods can be attributed to dust mass .
loss, rather than to other effects.

Thermally related phenomena have been noted in the
past,*'>!7 but not fully characterized or explained. In an
active instrument, the filter may experience, to minor degrees,




all categories of heat-induced change to which filter materials
are subject. This can include processes such as oxidation,
degradation, relaxation, and deformation.'® In this article,
all discussion of TEOM filters refers to complete filter assem-
blies, unless the context indicates that the fibrous filtration
material is the topic. Because the TEOM is an extremely
sensitive mass balance, any change in filter mass or shape will
affect TE frequency and induce inaccuracies into dust mass
measurements. Therefore, if the filter continues to be used in
its current form, it will remain a source of some error.
- Furthermore, a reliable way to address or reduce bias caused
by changing filter characteristics would certainly be very
useful. It is the goal of this investigation to help identify,
quantify, and provide means for resolving certain sources of
TEOM-related error. The present research has focused on bias
caused by thermal effects on filter assemblies. Comparison was
-made between the two types of TEOM instruments to deter-
mine if the filter thermal bias was a much more universal issue
than one occurring only in the mining industry.

2. Materials

The PDM filter assembly, a key component for this research, is.

unique to Thermo TEOM instruments. Filter assemblies are
provxded by the manufacturer as fully fabricated units, having
masses of approximately, 110 mg, a nominal 16 mm dlameter
and a 14 mm filtration diameter.

Each filter -assembly is constructed from three sonically
welded components. The primary material composing the
filter assemblies is a polypropylene (PP) polymer. The largest
component is a circular PP base with a hollow axial hub,
which attaches to the exposed TE end. The second component
is a small circular fibrous filter which mounts on the PP base,
and the final component is a PP ring used to seal the rim of the
fibrous filter onto the base. There are two compositional
variants for the filter-holding PP components: clear and white.
All PDM filter assemblies used in this research-had clear PP
components, with no colorant additives. All 1400A filter
assemblies had white PP components, tinted (for cosmetic
reasons) with 0.5% titanium dioxide pigment.

Mounted between PP base and ring, the filter material

currently used by Thermo for both the PDMs and 1400-series
TEOMs is EMFAB TX40H120WW, from Pallflex Products
Corp. (Putnam, CT; a division of Pall Gelman Sciences). The
filter medium is borosilicate glass fiber, with polytetrafluoro-
ethylene (PTFE) binder, cured above 370 °C. A woven fiber-
glass fabric is also incorporated as a reinforcing backing. The
fiberglass and PTFE filter is designed to be hydrophoblc
-minimizing the collection of airborne moisture.

3. Methods
3.1 PDM ftests

PDM tests were performed in four phases to quantify the

average bias and determine to what degree the bias can be
alleviated. Phase 1 investigated the average value for the
thermally induced bias (hereafter referred to as thermal bias)
of new (unused and unheated) filter assemblies. This was

accomplished by performing zero-drift tests. The filters were
selected for testing without regard to manufacturing lot num- .’

‘ber. Phase 2 investigated the effect on bias by filter pre-heating.

Phase 3 investigated the magnitude of the thermal bias with
PDM internal heaters inactive, as independent confirmation of
the heating-related phenomenon. Phase 4 investigated and
compared average values for the thermal bias for new filters
from two different lot numbers.

3.1.1 Phase 1: zero-drift thermal bias. Testing used PDM
instruments that were thoroughly cleaned prior to testing.
Cleaning procedures, which went beyond the routine process
recommended, involved multiple flushings of the cyclone inlet
tube with compressed air, swabbing the TEOM chamber with
isopropyl alcohol, and subsequent flushing with canned air.
The instruments were then run for 6 h using a new filter
assembly and a HEPA filter on the instrurhent inlet. Following
this procedure, new filters, selected without ‘regard to lot
number, were placed in the PDMs. PDM inlets were connected
to a manifold where all sampling air was drawn through a
HEPA filter. Two to four PDMs were used per test run,
programmed to sample for 8 h and record data at 1 min
intervals. Internal TE temperature was set at 46 °C.

Usually, the PDM is programmed so that frequency
and mass change for any measurement period must exceed a
pre-set threshold before a new value different from the
preceding measurement will be recorded. Under normal
settings, thermal bias will not usually be recorded, because it
will typically be below the specified threshold.  However,
the bias will still be transparently recorded as part of actual
dust measurements, because the threshold value will be -
exceeded as collected dust mass increases. Frequency and
mass values, when recorded, will reflect the changing state of
the filter. In programming the PDMs for these tests, the
threshold feature was disabled to accurately track all fre-
quency and mass changes.

For the first forty PDM tests, three HD gravimetric cyclone
samplers were also connected to the manifold. In this arrange-
ment, all samplers were drawing the same air, presumably free
of particulate matter. The gravimetric samplers were used to
verify real particulate matter was not being collected by the
PDMs. The average mass change of three HD control filters
was used to correct the gravimetric values for uncontrollable .
variations between pre- and post-weighings.

For each test, the instruments were located in climate-
controlled rooms of 22.3 & 0.6 °C (72.1 £ 1.2 °F) temperature
and 54.6 + 4.4% relative humidity. Similar tests were run

"for 24 h periods to examine the asymptotic stabilization

of filters during use. The mass gain for the initial 8 h was
also used from these data for inclusion with the other 8 h
tests. Although the PDM zeroes itself after the warm-up
period, the entire time duration that the filter is being
conditioned by heat must include the initial 0.5 h
warm-up. Therefore, test run times of 8 or 24 h are actually
8.5 or 24.5 h, respectively, in terms of effects on the filter
assembly.

3.1.2 Phase 2: filter pre-heating. It was noted in the de-
scription of the PDM that the sampled air is heated internally.




This procedure ensures the temperature at the PDM filter is
maintained to 46 °C during sampling. For this phase of the
work, filters were pre-treated before use by heating in an oven
controlled to 46 °C for 24 h. Filters were then allowed to cool
to controlled room temperature naturally, with testing pro-
ceeding similarly to Phase 1. '

3.1.3 Phase 3: PDM heaters inactive. To further examine
the degree to which the internal PDM heaters contribute to the
thermal bias, 8 h zero-drift tests were performed on new filters
with the heaters inactive. ’

3.1.4 Phase 4: filter lot comparison. Test procedures were
identical to those described for Phase 1, with the exceptions
that gravimetric sampling was not performed and new filters
were selected from two specific lot numbers. It was not
necessary to perform 24 h tests because the PDM is typically
used for 8 h sampling only. ’

3.2 1400A TEOM

Two Model 1400A TEOMs were used in these tests. The
sensor unit inlets were thoroughly cleaned and cartridge-type
HEPA filters were then inserted into the external instrument
inlets. Both TEOMs were set to operate at 2.2 L min™" and
programmed to operate at 46 °C, similar to the PDM. Prior to
each test, new filters were installed in both TEOMs.

Both new and pre-heated filters were tested. Filters used in
these tests were not pre-conditioned in the TEOM mass
transducer. The present test results will show that this pre-
conditioning has little, if anything, to do with moisture and
may instead create thermal relaxations in the filter.

Each test lasted at least 24 h. However, in order to reason-
ably compare the thermal bias of the 1400A TEOM with the
PDM, the 1400A recorded mass was read 8.5 h after installa-
" tion of a fresh filter. In some cases, the 1400A was not run for
24.5 h as with the PDM because the test duration is dependent
upon the time at which the instrument stabilizes and begins
proper operation. Therefore, only 24 h values are reported for
the 1400A.

Table 2 Thermal bias 95% CI summary statistics

Table 1 PDM thermal bias data using new filters”

Bias mass/pg

8h 8h 24 h
27.5 18.6 29.7 352 —
20.0 25.8 12.0 26 —
14.9 33.1 12.0 - 25.8 —
13.6 35.3 155 18.5 —
19.0 39.8 8.1 . 17.7 —
25.3 24.6 241 14.8 —
17.3 39.1 23.9 17.1 e
24.4 35.7 29.4 12.0 —
38.4 19.5 29.9 27.9 —
34.6 37.0 24.4 298 —
20.9 31.6 . 154 33.5 —
27.4 24.1 7.5 23.5 —
22.8 56.6 19.4 i 35.2 —
30.1 22.9 20.7 _ 27.8 37.4
24.2 31.7 30.6 39.9 474
30.6 35.0 31.5 25.8 37.9
24.2 25.7 © 115 332 47.3
24.3 25.9 167 24.4 37.8
14.3 18.6 20.9 30.3 " 415
21.5 . 367 27.1 25.1 ’ 37.5
34.4 21.7 - 30.6 — —

“ Filters randomly chosen from manufacturing lot numbers.

‘4, Results

41 PDM

4.1.1 Phase 1: zero-drift thermal bias. Table 1 presents the
results of eighty-three 8 h tests and seven 24 h tests of new
filters. It is noticed that all mass values are positive, indicating
systematic error. In Table 2, the 8 h tests show that new PDM
filter bias averaged 25.5 pg [95% CI: (23.6, 27.4)] with a range
of 49.1 pg while the 24 h tests show an average bias of 41.0 pg
[95% CI: (36.4, 45.6)] with a range of 10.0 pg. Fig. 1 shows a
typical plot of 1 min mass readings for a new filter over an 8 h
test. It is noticed that the mass gain rate is greatest during the
first 2 h and that the trend appears to approach an asymptotic
value. All tests exhibited this asymptotic behavior. It is
observed from Table 2 that the 24 h range is substantially less
than the 8 h range, being 10.0 and 49.1 pg, respectively. This

Mass/ug
N Mean Stdev CLiower CLugper Range

PDM

8 h, new filters” 83 25.5 8.5 23.6 274 49.1
8 h, pre-heated filters™® : 23 -33 3.2 ~4.7 -1.9 12.6
8 h, internal heaters inactive™® 22 0.8 15.5 —-6.2 7.8 . 62.2
24 h, new filters” 7 41.0 4.6 36.4 : 45.6 10.0
8 h, new filters, lot no. 1 22 26.8 5.2 . 24.4 29.1 21.9
8 h, new filters, lot no. 2 22 20.0 6.1 17.2 22.7 21.9
Model 1400A TEOM

8.5 h, new filters 13 34.3 6.2 30.4 38.2 23.4
8.5 h, pre-heated filters® 10 5.9 7.2 0.5 1.3 24.0
24 h, new filters 13 43.8 12.1 36.1 51.4 35.1
24 h, pre-heated filters® 10 9.0 5.8 4.6 13.4 22.8

“ Filters chosen randomly from multiple manufacturing lot numbers. b Filters pre-heated for 24 h at 46 °C. ¢ Internal average temperature rise of

approximately 12 °C above ambient.
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Fig. 1 Typical PDM 8 h thermal bias.

may be a consequence of the 24 h tests being closer to an '.

asymptotic value than the 8 h tests.
_The thirty-six gravimetric samples used for the first forty

PDM filter tests yielded an average mass change of —1.9 pg,.

indicating that no particulate matter was in the air sampled by
the PDMs. This value is well within the 7 pg measurement
precision of the NIOSH weighing facility.

" 4.1.2 Phase 2: filter pre-heating. Table 3 presents the
results of twenty-three tests with pre-heated filters. Table 2
shows that the pre-heated.filter bias averaged —3.3 pg [95%
CIL: (—4.7, —1.9)] with a range of 12.6 pg. Pre-heated filter tests
shows a clear alleviation of the thermal bias, with only a slight
negative bias remaining. Fig. 1 presents the graphical compar-
ison of typical data from the two types of filters. In all cases,
the pre-heated filters produce a minor initial rise, followed by a
slowly decreasing mass value over time.

4.1.3 Phase 3: PDM heaters inactive. Table 3 presents the
results of twenty-two tests with the PDM internal heaters
"inactive. The only heat source available to affect the new
filters was that generated solely from PDM operation. For
these tests, the average internal temperature rise was approxi-
mately 12 °C above ambient conditions, half the rise when the

Table 3 Heating effect on PDM bias data”

8 h bias mass/ug

Pre-heated filters Inactive heaters”

—6.4 3.2 15.9 ~11.4
-0.3 -6 13.3 -8.8
-15 -17 17.7 -28.8
9.4 - © 334 -23.7
—4.7 ~5.0 16.7 —16.1
—6.5 -53 47 -37
-23 -18 8.8 0.8
-35 -59 0.5 08
-0.8 -52 7.1 -16
-24 28 6.8 . -235
-5.1 -14 15.3 -5.5
0.4 — — —

@ Filters randomly chosen from multiple manufacturing lot numbers.
b Internal average temperature rise of approximately 12 °C above

ambient.
AL

Table 4 PDM thermal bias of two filter lots

8 h bias mass/pg

Lot no. 1 filters

Lot no. 2 filters

21.9 24.9 22.9 20.6
24.8 39.0 23.5 . 16.5
31.0 26.9 13.1 11.2
30.4 29.0 214 243
23.8 31.5 20.1 13.4
28.5 24.2 17.3 23.2
17.1 27.2 21.3 33.1
21.9 31.2 12.9 21.9
21.6 35.4 11.5 32.9
24.5° 29.8 19.3 22.9
24.7 19.9 23.6 12.7

heaters were active. Table 2 shows that the average bias. is
0.8 ug [95% CI: (—6.2, 7.8)] with a range of 62.2 pug. Although
there is a substantial range of bias, it is apparent that reduced
heating of the new filters produces significantly less average
bias. In these tests, the PDMs slowly reached internal tem-
peratures of 33-36 °C. TEOMs are typically set to maintain
temperatures in the 30-50 °C range. The test results suggest
that the variety of operating temperatures employed merit
further examination for thermally-related bias and variance,
which may have different magnitudes at various temperature
settings.

4.1.4 Phase 4: filter lot comparison. Test results for twenty-
two filters from each of two lots are shown in Table 4. As
shown in Table 2, filter lot no. 1 bias averaged 26.8 pg [95%
CI: (24.4, 29.1)] with a range of 21.9 pg while lot no. 2
averaged 20.0 pg [95% CI: (17.2, 22.7)] with a range coin-
cidentally also of 21.9 pg. To test whether there is a difference
in filter lots, a two-tailed ¢-test was performed assuming
unequal variances, as shown in Table 5. The results show
there is a significant difference in the bias associated with the
two lots tested [99% CI for difference: (2.2, 11.4)].

4.2 1400A TEOM

Results for twenty-three tests using new and pre-heated filters
are summarized in Table 6. A review of Table 6 for both 8.5 h
and 24 h tests reveals the same positive thermal bias associated
with new PDM filters. Here also, pre-heating alleviates most of
this bias, in all but one test. Referring to Table 2, the 8.5 h tests
of new TEOM filters show an average bias of 34.3 pg[95% CI:
(30.4, 38.2)] with a range of 23.4 pg. Pre-heating the filters
reduced the average bias to 5.9 pg [95% CI: (0.5, 11.3)] with a

Table 5 CI r-test assuming unequal variances

Lot no. 1 Lot no. 2
Mean/pg 26.8 20.0
Variance 26.8 37.2
Observations 22 22
Hypothesized mean difference 0
d.f. 42
tstat 3.99
P(T < t) two-tail 0.0003
t Critical two-tail . 2.70

99% CI for difference of means/ug = (2.2, 11.4)




Table 6 Model 1400A TEOM thermal bias data

- TEOM no. 1 mass/ug

TEOM no. 2 mass/pug

New Pre-heated

New ] ~ Pre-heated
85h 24h 85h 24h 85h 24h 85h 24k
28.7 ; 483 2.7 ’ 8.9 25.8 25.7 1.8 , 6.9
30.1 331 3.3 9.2 34.6 : 57.7 2.3 6.7
- 28.8 50.4 3.9 8.5 35.1 - 581 3.0 7.2
36.9 ~ 60.8 25.8 ’ 20.2 49.2 52.0 6.4 -2.6
36.0 29.2 6.2 14.4 29.4 © 317 4.0 10.7
36.7 42.2 -— — 34.2 324 - — —
40.9 47.0 — — —_ — —

range of 24.0 pg. The 24 h tests of new filters show an average '

bias of 43.8 pg [95% CI: (36.1, 51.4)] with a range of 35.1 pg:
Pre-heating the filters reduced the average 24 h bias to 9.0 pg
[95% CI: (4.6, 13.4)] with a range of 22.8 pg. Fig. 2 shows
typical 24 h plots for new and pre-heated filters. Although
individual filters showed differing bias traces, general time
trends for new and pre-heated filters were similar to those
in Fig. 1.

5. Discussion
5.1 Source of bi.;as

The bias exhibited by new filters can be considered the sum of
all filter-related bias sources, positive and negative, within the
PDM or 1400A. Test results demonstrate a net positive bias
for both instruments. Because testing was performed in a
climate-controlled environment, ambient temperature and
humidity variations are not contributory to the measured bias.
The dominant source of positive bias appears to be associated
with thermal treatment of a new filter during actual usage. The
data obtained with the internal PDM heaters inactive clearly
show a substantially reduced average bias. Also, the fact that
pre-heating filters essentially removes this bias is compelling
evidence the bias is associated with the filter itself. As men-
tioned earlier, sources of this filter bias can include oxidation,
degradation, relaxation, and deformation. Although the exact
source of the bias cannot be determined, it would not appear
that oxidation is responsible. Oxidation would likely provide a
weight gain to the filter. However, the gravimetrically mea-
sured, reference-corrected, mean mass change of six pre-
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Fig. 2 Typical 1400A TEOM 24 h bias.

heated filters was —7.3 pg, equivalent to the laboratory
weighing precision. Although this value is not comparable in
magnitude or direction to the measured bias of new filters, it
does suggest the possibility of some small, but real, filter mass
loss.

In all cases, the pre-heated PDM filters exhibit a slowly
decreasing mass value over time. The end result is typically a
slight negative bias, small compared to the positive thermal
bias. Although the source of this negative bias is not known,
another possibility is the effect of the conmstant negative
pressure applied to the filter assembly for the test duration.
This negative pressure, which is a function of the selected air
flow rate, would have the tendency to depress or compress the
filter and shorten the TE penidulum length slightly, resulting in
a frequency increment and a virtual mass loss. However,
investigation of this effect was not undertaken in this study
because design of the PDM does not permit significantly
reducing the differential pressure across the filter.

The effect of the pre-heating treatment appears to persist for
at least three to four days, the time period during which
treated filters were used. If this were not the case, tests with
pre-heated filters, which were stored at controlled room
temperature before use, would not exhibit bias reduction so

~ fully. It is not known if the treatment effect is permanent or

irreversible.

The data show that the 1400A TEOM filters exhibit the
same generic final bias as the PDM filters. It is also observed-
for the 1400A TEOM pre-heated filters that there is an initial
rise in mass reading followed by decreasing mass, similar to
the PDM. These results are not surprising, because the filters
are nearly identical. Although the filter media itself is identical
for the PDM and 1400A, there is the earlier-noted difference in -
the composition of PP in which the filter material is'mounted.
This may account for the differing biases between the new
filters, as well as_the fact that pre-heating the 1400A TEOM
filters did not reduce the bias to the same level as the pre-
heated PDM filters. However, it may be significant that the 8 h-
bias reductions between new and pre-heated filters for the two

" types of instruments are very similar: respectively, 28.8 pg and

28.4 pg for the PDM and the 1400A.

52 Bias impact on gravimetric comparisons

For single-point mass comparison to gravimetric dust sam-
pling, 25.5 pg bias is only of significance at low mass loadings.
For a 2.5 mg sample, the 1% bias is negligible. However, this is
not always the case. For example, TEOM measurements are



often compared to gravimetric samples by linear regression
over a range of masses. If the ordinary linear regression is
used, this bias is still ignorable. However, there is a critical
error in this approach. A fundamental assumption of ordinary
linear regression analysis is constant additive variance of the
dependent variable across the range of the independent vari-
able. This assumption is rarely met in dust mass sampling,
with the variance usually increasing with the square of the
independent variable. This behavior is typical of data collected
with dust sampling instrumentation'® and is referred to as
constant coefficient of variation (CV) or multiplicative error.
Constant CV will usually occur except at very low dust
loadings. In relationships with multiplicative error, large
dependent variable values will have large residuals, which will
significantly overwhelm the small dependent value residuals.
As a result, the total sum of squares will be erroneously
influenced by the large dependent variable values and lead to
. a regression bias, Therefore, the large dependent variable
values should accordingly be given less “weight” in the
analysis.

One common means of dealing with this type of error is
weighted least squares linear regression. Using this method
naturally provides more weight to the smaller variable values.
Unfortunately, these are the very values where the bias is a
more significant percentage of the value itself. Consequently,
what is a 1% bias on individual high-mass values can translate
into a larger bias percentage for high-mass values in a
weighted regression that includes a large number of low-mass
values. Therefore, the estimated bias reported in this work
could produce a larger change in regression slope across all
values of the independent variable. The estimated bias values
derived in the present work allow for the correction of
previously collected data over the full range of the independent
variable, which would prevent regression-derived bias.

"~ 5.3 General low mass sample considerations

Because filter thermal bias is seen in both the PDM and 1400A
TEOM, it is a reasonable generalization that all TEOMs
utilizing PP filters may exhibit similar bias. This is a concern,
because TEOM technoldgy is used extensively in air quality
monitoring. In many instances, the samiple masses are small
and bias magnitudes seen in the present work may have an
impact if new filters are used without pre-heating. Generally,
TEOM instruments provide measurement accuracy that is
better with high-mass samples than with those of low mass.
The bias documented by this research may provide an expla-
nation. The degree of bias is dependent on the heating history
of the filter unit, and accuracies for low-mass samples, there-
fore, have greater vulnerability to filter-related bias. If low-
mass samples are anticipated in TEOM use, reducing instru-
ment error by utilizing fully heat-conditioned filter units would
be the best technique.

Additionally, that the bias develops dxﬁ'erently over time for
new and pre-heated filters is an important consideration. Itis a
phenomenon dependent on whether or not users of TEOMs
rigorously- adhere to manufacturer recommendations to con-
dition filters within the mass transducer housing. Unfortu-
nately, the PDM does not have the same capability to pre-

condition the filter as the 1400A TEOM. Therefore, PDM
filters need to be pre-heated separately before use, if it -is
determined that the bias must be eliminated from a measure-
ment. In either case, reasonable bias correction of previous
data can be performed with the average bias values presented
here. It is only necessary that there is known heating experi-
ence for the filters that were used to collect the earlier data:

5.4 TEOM calibration issues

In addition to errors in test measurements, time-progressive
bias can be expected to affect TEOM calibration. Each TEOM
is calibrated in a procedure where cumulatively more mass is
added step-wise to a filter assembly. The tendency to manifest
a virtual positive mass (actually a lowering of TEOM
frequency) will bias the calibration. Fortunately, the calibra-
tion bias will be small, because the virtual mass, which

‘progresses over the range 0-25 g, occurs while working with

much greater real masses, progressing over the range 500-4000
pg. It is also a common practice to later perform calibration
checks on TEOMs, using a single pre-tested filter unit. The
accuracy of calibration checks may be impaired, depending on

- the heating history of a test filter and what size mass was

added to it as a calibration quantity. Again, the effect is likely
to be small, because the real mass involved will be much larger
than the bias that develops. However, in the interest of
optimizing instrument accuracy, all calibration procedures

.would best be performed with fully pre-heated assemblies,

substantially negating the biasing effect.

6. Conclusions

Both PDM and 1400A filter assemblies exhibit positive ther-
mal bias, which increases more rapidly during the first 2 h and
continues approaching some asymptotic value after 24 h. In
this research, average bias values were 25.5 pg (8 h) and
343 pg (8.5 h) for the PDM and 1400A TEOM filters,
respectively. This filter bias may occur for all TEOM-based
instruments using similar polypropylene filters. Approximate
bias correction can be applied to measurements previously
acquired using TEOM-based technology. This bias can largely
be eliminated by pre-heating the filters. Although not yet an
optimized process, pre-heating the filters for 24 h at 46 °C
shows significant bias reduction, with PDM pre-heated filters
subséquently averaging —3.3 pg and 1400A TEOM filters
averaging 5.9 pg.

There was a statistically significant mean difference of 6.8 pg
between biases for two lots of new filters tested, but preheating
filters can be reasonably expected to reduce inter-lot -
differences through a reduction in bias variance.

7. Disclaimer

Mention of any company or product does not constitute
endorsement by NIOSH. The findings and conclusions in this:
report are those of the authors and do not necessarily repre-
sent the views of NIOSH.
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